High-resolution digital elevation models (DEMs) offer opportunities for channel network extraction due to its representation of realistic topography. Channels are generally surrounded by well-defined banks that have a distinct signature in the contour lines. Contour curvature is one of the important topographic attributes usually used for channel head identification; however, the curvature at channel heads may vary considerably between and even within watersheds. Therefore, uncertainty exists in the extracted channel heads due to the specified curvature threshold. In this paper, the locations of channel heads in 14 small mountainous watersheds are obtained using a nonparametric method based on the shape of contour lines generated from DEMs with a spatial resolution of 1 m, and the channel head curvature is computed from the extracted channel heads. The spatial distributions of the channel head curvature in these 14 watersheds have been analyzed, and another two watersheds with field-mapped channel heads are selected for validation. The results indicate that: (1) the channel head curvature is sensitive to the local terrain and varies within and between watersheds; (2) the Gamma distribution effectively fits the spatial distribution of the channel head curvature in all the selected watersheds; and (3) constant threshold-based methods for channel head identification gain significant location errors even within a single watershed.
. Montgomery & Dietrich () suggested that the source area and slope downstream of the channel head indicated a strong inverse correlation and that drier regions tended to have larger drainage areas for the same gradient. The distance errors between extracted channel heads using threshold-based methods and the mapped channel heads through field investigations are significant in many studied watersheds (Tarolli & Dalla Pelletier ). The curvature-based method for channel head identification originates from the traditional contour crenulation method (Strahler ; Marie ) , in which the channel begins when the landscape is convergent and the convergence is measured by the curvature. Similar to the methods based on the upslope area threshold and the slope-area threshold, the channel head curvature threshold needs to be specified for the curvature-based method.
The channel head curvature may vary spatially from watershed to watershed. Moreover, the magnitude of the curvature is dependent on the filtering method used for smoothing DEM and the resolution of the DEM ( Due to the potential limitation of the constant channel head curvature threshold, the following questions emerge:
(1) How much spatial variability does channel head curvature have within a watershed? (2) What is the appropriate distribution function for describing the spatial distribution of the channel head curvature within a watershed? (3) How does the spatial distribution vary among watersheds?
To address these questions, the curvature of channel heads needs to be quantified. At present day, mapped channel heads can be obtained from the field investigation. However, most channel heads, in general, are still unmapped and some of channel heads cannot be accessed through investigation because of restriction by the surroundings. Therefore, the observations are relatively rare for distribution analysis within and between watersheds due to the limited datasets of field-mapped channel heads. In this study, the channel heads are identified from high-resolution topographic data using a nonparametric method (i.e., a curvature threshold for channel head is not required), which was developed by Hooshyar et al. () and demonstrated to be well performed in terms of identifying small channels; moreover, the average and standard deviation of distance errors between mapped and predicted channel heads were better or more comparable to existing methods, such as DrEICH proposed by Clubb et al. () and Pelletier () . In this method, the transitions from unchannelized to channelized sections are defined as channel heads, which are extracted using the shape of contours which reflect the entire cross-sectional profile including possible banks. Therefore, this method is conducted based on the fact that channels and valleys have a fundamental geomorphologic difference, and channel head identification is performed independently for each tributary. Due to its physical basis, this method is robust and ensures the accuracy of channel head extraction.
In this paper, the channel heads in 14 small mountain- 
METHODOLOGY

Curvature calculation
The curvature is one of the important topographic attributes to display the structure of terrain and surface curvature is focused on this paper and is computed as Based on the coefficients of the polynomial function in Equation (2), Equation (1) can be transformed into the following equation for computing contour curvature:
Channel head identification
As previously mentioned, the channel head is identified based on the shape of contours ( where k is the total number of clusters; N i is the number of samples in cluster i; and p j i is the jth sample of cluster i and c i is the corresponding centroid. In this paper, the contour lines within each tributary are divided into two clusters (channelized and unchannelized) based on their shapes.
Each contour is processed as a 2 × M matrix consisting of M equally distanced points. The dissimilarity of two contour lines (e.g. L1 and L2) is defined as the minimum root mean square difference of one's best orientation. The best orientation of L1 to L2, denoted as 'L1', is obtained by translating, rotating, and scaling L1. Therefore, the dissimilarity between L1 and L2 is qualified by minimizing L2-L1 0 k kand then k-means clustering algorithm minimizes the dissimilarity index of contour lines in each cluster.
Finally, the clustering result is a transition contour between channelized and unchannelized contour lines. Essentially, r measures the linearity of the probability plot, providing a quantitative assessment of fit. If x denotes the average value of the observations and w denotes the average value of the fitted quantiles, then
RESULTS
In this part, the Extracted channel heads section shows the Creek and Waniha River are also shown in Figure 5 (b) and 5(d), respectively. Figure 6 shows that these data points 
Statistics of the channel head curvature
Fitted Gamma distributions
The probability density function of Gamma distribution is
given by:
x kÀ1 e À x θ for x > 0 and k, θ > 0 (6) where θ is the scale parameter, k is the shape parameter, and Γ(k) is the Gamma function evaluated at k. Figure 7 shows the histograms and fitted curves of Gamma distribution of the channel head curvature within each selected watershed.
The histograms display positive (i.e., left) skewness for all the watersheds and the majority of channel head curvature values are less than 0.3 m À1 in most watersheds, and the peak value occurs in the range from 0.01 to 0.1 m À1 .
Obviously, the Gamma distribution fits well with the extracted channel head curvature within each watershed. The curvature values of the mapped channel heads are obtained from the corresponding pixels according to mapped channel heads' locations. Table 3 shows Therefore, in this case, we also discuss this source of error by moving the extracted channel heads downstream by 5
and 10 m and then recalculate all the distributions. Figure 9 shows the L-moment ratio and the empirical distribution Table 4 for comparison. The mode of curvature means the value that appears most frequently in a series of channel head curvatures within a catchment. In this study, those channel head curvature values located within the highest bin of the histogram (Figure 7) were averaged as threshold. It is evident that the above-identified curvature threshold is relatively smaller or approximate to the mode of the extracted channel head curvature. Moreover, the identified curvature thresholds vary in the range of 0.008-0.032 m À1 , which indicate again the spatial variation of the channel head curvature within different watersheds.
Among the watersheds selected in this study, Big Creek and Waniha River are characterized by the lowest and highest AI, respectively, representing the typical arid and humid watersheds. The mode of the extracted channel head curvature in Waniha River is significantly larger than that in Big
Creek, which is consistent with the calculated mean value as shown in Table 2 .
We further discuss the performance of using the mode of the extracted channel head curvature as constant threshold to locate channel heads within these 14 watersheds. Table 5 shows the number of channel heads with the curvature value in the range of mode ± 0.01 m À1 (a bin size), in which the channel heads can be regarded as correctly identified by a constant threshold. The related percentage over the total number of channel heads is also computed and shown in Table 5 , which shows that the percentage varies in the range of 17.6-50.0% and indicates that the location errors significantly exist when using the threshold-based method for channel head identification. Indeed, there are also some limitations in this study. The curvature is the most commonly used topographic feature for channel head identification. The paper focuses on the distribution of the channel head curvature within and between watersheds, which occupies and underpins the whole study.
However, other topographic features such as area, slope, and width have also been used to locate channel heads, and they were spatially constant thresholds and examined spatially varied within each watershed. Therefore, more effort should be exerted on these topographic features from the view of comprehensive analysis, not just be limited to a single attribute, in a future study. In addition, the distribution analysis and comparison of channel head curvatures in this paper are based on a specified grid resolution; however, the grid resolution has a great influence on the calculation of curvature from DEMs, and further research on these topics could improve understanding of spatial variation of the channel head curvature across a wider range of grids. For these 14 watersheds selected in this study, the extracted channel head curvature has been shown to vary within and between watersheds. Through L-moment analysis, we concluded that the channel head curvature can be well represented by the Gamma distribution. Meanwhile, we also tested the curvature extraction and distribution analysis in Indian Creek and Mid Bailey Run where fieldmapped channel heads are available; the comparisons between the extracted and mapped channel heads clearly indicate that our statistical analysis based on the extracted channel head curvature is reliable.
CONCLUSIONS
We discussed the performance of using curvature threshold to locate channel head within and between watersheds, and it can be concluded that different curvature thresholds are needed for different watersheds, particularly, a constant curvature threshold is not suitable for channel head identification ignoring the spatial variation of the channel head curvature between watersheds. Constant thresholdbased methods for channel head identification undoubtedly gain significant distance errors even within a single watershed.
As with any new attempt, definitive conclusions regarding channel head curvature distribution and its spatial variation analyzed in this study must be based on the substantive test using large samples of watersheds representing a wide range of geographical and hydrogeological conditions. However, the paper is just an attempt for the channel head curvature distribution and constrained by the availability of local datasets. Work covering more study sites and future research aiming at relating the channel head curvature distribution to hydrological and geomorphic information, such as rainfall, evaporation, and land cover, can contribute to improving the reliability and accuracy of channel head identification.
